The utility and accuracy of computational modeling often requires direct validation against experimental measurements. The work presented here is motivated by taking a combined experimental and computational approach to determine the ability of large-scale computational fluid dynamics (CFD) simulations to understand and predict the dynamics of circulating tumor cells in clinically relevant environments. We use stroboscopic light sheet fluorescence imaging to track the paths and measure the velocities of fluorescent microspheres throughout a human aorta model. Performed over complex physiologicallyrealistic 3D geometries, large data sets are acquired with microscopic resolution over macroscopic distances.
INTRODUCTION
Due to the complex nature of fluid flow, it is necessary to use a combined experimental, theoretical and simulation approach to obtain a thorough understanding of these processes. A particularly interesting application is the flow of blood through vessels in the body, where an understanding of the behavior of the flow through specific geometries can have or may have clinically impact. For the last few years our groups have pursued a combined approach with simulations and experiments to validate certain assumptions used in the simulations. We have focused on simulating via computational fluid dynamics and experiments the movement of larger cancer cells in fluids matched to blood viscosity and in fluids with a large volume fraction of index-matched beads simulating blood cells. Cancer is the attributed cause in one of every four deaths in the United States 1 and metastasis, a complex multistep process leading to the spread of tumors, is responsible for more than 90% of these deaths.
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Understanding circulating tumor cell (CTC) movement and arrest in the human vasculature is critical to achieving the ultimate goal of reliably predicting the vascular regions most likely to incur secondary tumor sites on a perpatient basis.
On the simulation side, computational fluid dynamics is playing an increasingly important role in numerous fields, including microfluidics, hydrofracking, biosecurity, and circulatory disease modeling. Advances in high performance computing and multiphysics algorithms have made it possible to model fluid flow through a variety of complex geometries with unprecedented fidelity. One such capability is HARVEY, a highly scalable lattice Boltzmann code recently developed by one of the co-investigators to model blood flow through macroscopic portions of the human circulatory system. 3 Simulations of this type have numerous potentially life-saving medical applications, but the impact of simulation on clinical care will continue to be limited without detailed validation across numerous patient-specific data sets.
On the experimental side, we have been developing ways to measure long trajectories of fluorescent beads or cells in artificial blood vessels. Measuring fluid flow and tracking cells, beads or other objects in the flow of fluids. In order to fully compare simulations of larger cells, it is necessary to follow the trajectories of cells or beads over long distances. We have used stroboscopic light-sheet based fluorescence measurements to track the motion of beads in an aqueous environment with index matched beads. The use of stroboscopic measurements T 11 T requires the development of image analysis algorithms in order to detect the tracks. In this paper, we will describe the acquisition and analysis of the movies of fluorescence beads traveling through the geometry of an aorta with a coarctation (see Fig. 1 ). In parallel with these experiments, there are also simulations that use the same geometry. Once we have confidence in the simulations and the experimental results, we will compare these results and assess the validity of assumptions that go in the simulations.
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Segmented patient data
Simulation and experiment both use same input! Figure 1 . In our combined experimental and simulation effort, the same segmented patient data are used to develop fluid dynamic simulations as well as the fluid dynamics experiments. In this paper, we describe the use of tracking florescent beads through the geometry in order to understand to measure behavioral 10 µm sized objects or cells in arterial geometries.
ACQUISITION OF MOVIES
The basic microscopy challenge is to measure microscopic objects traveling at m/s velocities over macroscopic distances. This requires a way to isolate the microscope beads in some way to detect the fluorescence signal over a background scattering or fluorescence. We used light sheet microscopy in order to define the z position (along optical axis of detection microscope) while imaging in the x and y dimensions. There were two options for imaging the movement of the beads: either attempting to track the beads with a high speed camera, or integrating over long time periods to increase signal to noise at the cost of allowing streaks. We opted for the latter choice in this work, which allows us to use more sensitive cameras and reduced data set size (comparison to the other, high-speed camera approach will be performed in a future publication). In order to measure velocities, modulation of the laser beam is necessary. Even with the reduced data set size, with the combination of acquiring movies at each z slice in the channel, the data set size becomes considerable. We will describe how we approach the acquisition and analysis issues currently, and discuss how the throughput could be improved.
Light-sheet microscopy
We have used light-sheet microscopy to image planes of the flow of beads in the artificial blood vessels. A light sheet was produced by expanding a laser beam (Stradus 487, 50 mW, Vortran Laser) to a 1/e 2 width of approximately 2 cm. A 400 mm cylindrical lens was used to focus 1 axis of the beam in the sample. The lens was placed on a rotation mount to permit the adjustment of the orientation of the light sheet in the sample in order to follow the direction of the flow. The width of the light sheet along the optical axis of the detection system was measured using a knife edge experiment. The width of the light sheet is shown in Fig. 2 as a function of height.
The aorta model described later was placed on a 2-axis motorized stage placed on a lab jack in order to allow placement of the light sheet in the region of interest, The fluorescence from beads is acquired by an objective (2X Height (mm), lowest at focus
i.
a P CI ea e e e Mitutoyo Plan Apo Infinity Corrected Long WD Objective) oriented perpendicular to the entrance of the light sheet. After being filtered (535DF45, Omega Optical Filters), the light is focused by a 100 mm achromat lens (AC254-100-A, Thorlabs) onto an EMCCD camera (ProEM HS: 1024BX3, Princeton Instruments). An image of the experimental setup is shown in Fig. The optical axis of the detection path is referred to as the z axis, the horizontal axis visible in the image is the x axis, and the vertical axis is the y axis. For a typical experiment, a series of movies is acquired as a function of sample position along the z axis. At each z slice, a movie of 400 frames is acquired, the motorized stage is adjusted by the minimum width of the light (50 µm) from Fig. 2 , and the next movie is acquired. This leads to a large data set for analysis.
Light modulation for velocity measurements
In order to increase signal to noise, we opted for a high-sensitivity, but lower frame rate camera over a high-speed, but lower sensitivity camera. The advantage is higher sensitivity and easier detection of the beads. The primary difficulty with this choice is that for a CW laser the streaks detected do not allow for measurement of velocity. In order to obtain velocities, We modulate the laser, a 50 mW 487 nm laser (Stradus 487, Vortran Laser), which uses a voltage input to continuously modulate the laser power. This leads to dashes in the image that, when linked, can show the path of the bead and be translated into velocities. For the movies in this paper, we used the A modulation frequency of 400 Hz. Additionally we use a sawtooth pattern that also permits the direct detection of the direction of the beads. The dashes can be observed in images from the acquisition such as Figs. 5, 6, and 7.
Aorta model and fluid flow
The aorta model is made from clear urethane, with several ports for fluid connections, as shown in Fig. 4 . Other experiments using this model are described elsewhere. 4 A pulsatile blood pump (Harvard Apparatus model 1423, 150mL capacity with 10.0 L/min capability) is connected with tubing to the part and a fluid reservoir to pump fluid with fluorescent beads through the part during imaging. The pulsatile flow is monitored via the electrical signal used to run the pump, and is recorded by an analog input board (PCIe-6351, National Instruments). The timing of the frame acquisitions at 20 Hz is controlled by a timing output from the same multifunction board, and is synchronized to the acquisition of the electrical signal monitoring pump flow. 
Data set size and analysis challenges
As stated previously, 400 frame movies are acquired at each z slice. For channels with widths of approximately 1 cm, and 50 µm width of the light sheet, there are 200 slices acquired. Therefore, for a typical region, there are 80000 images to analyze in order to subtract background, find beads, and connect tracks. This represents a large, but not intractable analysis effort. It can be done on a single multi-core processor. However, future efforts would benefit from larger scale computing resources.
IMAGE PROCESSING
In order to extract information about the flow of leads in solution, we use the series of image processing steps to clean up the images and extract information. These are detailed in the section. We use Python for analysis, and especially use package skimage to perform standard image processing algorithms.
Background subtraction and bead detection
One issue we found was that the background of this sample was in many cases stronger than the signal. Because of this we needed to eliminate regions with very high background and subtract off the background in the remaining area before determining thresholds for finding beads. As can be seen in Fig. 5 , the walls of the channel were the brightest features in the image, but they do not move. In order to remove these from the image, we averaged over the entire 400 frames for a given movie, and then set a threshold for pixels with average intensity high enough to be excluded from further analysis. After excluding these pixels from analysis, the background was then defined by applying a median filter over the movie. The background was subtracted from each frame, and then a Gaussian filter (with a width of 2 pixels) was applied to each image, Fig 6. For each processed image, a threshold is applied to detect if a bead is present at each pixel. Next, a morphological opening filter is applied to remove isolated bright pixels that are not due to beads. This results in reasonably clear tracks that can be either summed for bead density maps four used for bead track extraction (Fig. 7) . 
Detection of bead tracks
The detection of bead tracks uses the detected beads such as those in Fig. 7 as the starting point. We determine the locations of beads by detecting contiguous regions of a detected bead. The orientation of each region is determined and quantified using the eccentricity and angle of the orientation of the long axis. For each detected region, we search through all of the other regions recursively searching for other regions with positions and orientations that indicate that the regions are from the same bead. Briefly, the position must be within a threshold value from the edge of the first region, and the orientations must be same within some tolerance. This procedure allows us to track the movement of the beads over the width of our imaging window. An example of the bead track extraction is shown in Fig. 8 . 
RESULTS AND DISCUSSION
The utility of the methods described in this paper depend critically on the accuracy of counting the beads in motion. In this section, we will discuss the performance of the procedures described in extracting beads, mentioning potential difficulties in the measurements.
Bead Detection Performance
For the pulsatile flow generated here, there is a large variation in the velocity of the fluid flow. In order to monitor the flow characteristics as a function of the time within the pump cycle, we synchronize the acquisition of the pump cycle with the frame transfer trigger for the camera. We now show the bead detection performance for three points within the pump cycle that show nearly stationary beads, beads in laminar flow, and beads in what appears to be turbulent flow. For each flow condition, lineouts of the image will be used to estimate bead velocity, which will be used to calculate the Reynolds number of the flow.
Nearly Stationary Beads
Early in the pump cycle, there is nearly no fluid or bead movement. For the entire image duration of 50 ms, there is little to no movement of beads as shown in Fig. 9 . Shortly after this frame, the flow begins, and proceeds to the laminar flow shown in Fig. 6 , and analyzed in Section 4.1.2. Due to the lack of measured bead velocities, we do not calculated the Reynolds number of this flow. 
Laminar Flow
As the flow speeds up, there is a regime where stable, straight line tracks are visible. As shown in Fig. 10 , it is possible to determine the velocities and direction of the bead track. We calculate the Reynolds number using the standard formula,
where ρ=1000 kg/m 3 is the density of the fluid, v is the velocity, L=7 mm is the characteristic length of the system, and µ=2.8×10 −3 Pa·s is the dynamic viscosity of the fluid. For the velocity from the bead track in Fig. 10 , we calculate a Reynolds number of 600, which is safely in the Laminar flow regime. The tracks at this velocity follow stable streamlines as would be expected under these conditions. Figure 10 . This slice through the image in Fig. 6 shows the track of one of the beads. The sawtooth pattern of the laser modulation is visible, showing that the bead traveled from left to right in the image in Fig. 6 . By measuring the distance between peaks, we measure the speed of the bead to be 0.23 ± 0.02 m/s.
Possibly Turbulent Flow
At the highest flow velocities, the bead tracks have very different characteristics from those seen with laminar flow. As can be seen in Fig. 11 , there are a large number of tracks, but they tend to be short and oriented in various directions. As mentioned previously, we had oriented the the light sheet to follow the direction of flow in the sample. With laminar flow it was possible to follow the bead tracks for fairly long distances, as seen in previous sections. For these higher flow velocities, turbulence appears and the beads cross the light sheet due to more movement in the direction transverse to the light sheet. This leads to short tracks that also make it difficult to measure the velocity.
In Fig. 11 , there are a few tracks that are longer, where by chance the bead follows the flow for a short time. We are not able to reliably track a bead over more than one cycle of the laser modulation period because the uncertainty introduced by the number of short bead tracks. However, for some tracks, we do see one nearly full cycle, as in Fig. 12 . This track extends nearly 170 pixels without turning off within a modulation period. This gives us a lower bound of 0.9 m/s, which corresponds to a Reynolds number of 2400, which, although not well into the turbulent regime, is close to the transition regime. Since this is a lower bound, this supports our observation that the flow is turbulent. Fig. 11 shows one of the tracks that lasts long enough to obtain a lower limit on the bead velocity. The distance between peaks must be longer than the width of 170 pixels, which leads to a lower limit of 0.9 m/s.
Example Density Maps
The size of the fluorescent beads used was 10 µm in order to simulate the size of a circulating tumor cell (CTC), which would be larger than the much more common red blood cells. One of the main questions regarding the movement of CTCs in blood vessels is how the size of the cell in relation to the red blood cells affects the residence times of CTC at specific locations. To help understand this issue, one of the requirements for comparison with simulations is to obtain a density map of the locations of the beads averaged over the flow cycle. This is simple in concept to obtain from the bead detection maps like Fig. 7 , but there are some pitfalls. Due to the large variations in bead velocity over the pump cycle, the detection sensitivity for beads also varies in time. In order to check on this issue, and correct any variations, for each time slice in the pump cycle, we averaged over all z slices the integrated number of pixels found with beads. We then plotted this number over the pump cycle, and used it as a normalization. The density maps shown in a later section use this normalization.
One of the main motivations of this work is to allow the measurement of changes in the density of larger cells or objects like the 10 µm fluorescent beads due to the presence or absence of smaller cells or objects like red blood cells that make up a large volume fraction of the fluid. As a baseline, we show an example of a density map obtained by integrating all detected beads over the entire 400 frames of a movie for 1 z slice (Fig. 13 . Taking a horizontally averaged slice of that density map, we do not see any significant variation in the detected density of beads across the vertical direction in the channel (Fig. 14) . Since we did not add any other, smaller beads or red blood cells, we would not expect any effect. The use of index-matched beads in future studies will enable us to validate results from models for the effects of a large volume fraction of smaller cells, possibly pushing the large beads or cells to the walls of the channel. 
CONCLUSION
We have shown that is possible to use a high sensitivity EMCCD camera to measure long tracks in laminar flow through large, simulated blood vessels. Although the methodology of stroboscopic imaging of bead tracks with a high-sensitivity EMCCD camera described here works, we will also investigate the use of high frame rate CMOS cameras that can "keep up" with the bead movement as typically used for high speed fluid measurements. Often, the high frame rate cameras are less sensitive, which is a disadvantage of that methodology. Additionally, they would acquire an even larger amount of data, which would require more storage and processing. On the other hand, if detection is possible at high frame rates, it will be easier to track the movement of beads over time. By determining the bead density maps in the presence and absence of red-blood-cell surrogates (using index-matched beads that make imaging possible), we will provide a platform for validating assumptions in computational fluid dynamics simulations. Distance (pixels) Figure 14 . This slice through the image in Fig. 13 the variation in detected bead density across the channel. No significant variation was found, although this was for the simplest case of a fluorescent beads traveling through a simple, viscous solution without the presence of a large volume fraction of smaller beads or cells.
